The mechanical and electronic properties of two GaN crystals, wurtzite and zinc-blende GaN, under various hydrostatic pressures were investigated using first principles calculations. The results show that the lattice constants of the two GaN crystals calculated in this study are close to previous experimental results, and the two GaN crystals are stable under hydrostatic pressures up to 40 GPa. The pressure presents extremely similar trend effect on the volumes of unit cells and average Ga-N bond lengths of the two GaN crystals. The bulk modulus increases while the shear modulus decreases with the increase in pressure, resulting in the significant increase of the ratios of bulk moduli to shear moduli for the two GaN polycrystals. Different with the monotonic changes of bulk and shear moduli, the elastic moduli of the two GaN polycrystals may increase at first and then decrease with increasing pressure. The two GaN crystals are brittle materials at zero pressure, while they may exhibit ductile behaviour under high pressures. Moreover, the increase in pressure raises the elastic anisotropy of GaN crystals, and the anisotropy factors of the two GaN single crystals are quite different. Different with the obvious directional dependences of elastic modulus, shear modulus and Poisson's ratio of the two GaN single crystals, there is no anisotropy for bulk modulus, especially for that of zinc-blende GaN. Furthermore, the band gaps of GaN crystals increase with increasing pressure, and zinc-blende GaN has a larger pressure coefficient. To further understand the pressure effect on the band gap, the band structure and density of states (DOSs) of GaN crystals were also analysed in this study.
Results and Discussion

Structural Properties
The wurtzite GaN crystal has a hexagonal structure and its space group is P63mc [37] , see Figure 1a . Zinc-blende GaN crystallises in a cubic structure, and has the space group F-43m [37] , as displayed in Figure 1b . After geometry optimization, the lattice parameters were calculated; results are given in Table 1 . Clearly, the calculation results in this study fit well with the experimental data and calculation results listed in previous studies, proving the validity of the calculations in the present study. Generally, GGA overestimates the lattice parameters while LDA underestimates them, and the lattice parameters obtained from LDA are much closer to experimental data. Our previous work revealed that, compared to GGA, LDA is more accurate in predicting elastic properties [38] . Therefore, LDA was applied in the following study.
The ratio of V to V 0 is applied to evaluate the relative change in unit cell volume under different pressures, where V and V 0 are volumes of the unit cell at a specified pressure and zero pressure, respectively. Pressure dependences of V/V 0 of the two GaN crystals are shown in Figure 2a . Obviously, V/V 0 value decreased substantially with the increasing hydrostatic pressure, and the pressure presented an extremely similar trend effect on V of the two GaN crystals. This is due to the fact that the average bond lengths of the two GaN crystals are also very close to each other under the same pressure, see Figure 2b . Obviously, V/V0 value decreased substantially with the increasing hydrostatic pressure, and the pressure presented an extremely similar trend effect on V of the two GaN crystals. This is due to the fact that the average bond lengths of the two GaN crystals are also very close to each other under the same pressure, see Figure 2b . [40] 4.518 4.518 4.518 1.000 92.223 LDA [39] 4.446 4.446 4.446 1.000 87.884 Expt. [9] 4.490 4.490 4.490 1.000 90.519
Elastic Constants
Elastic constants, Cij, can quantify the response of deformation under a force or stress load. In the stiffness matrix of the hexagonal structure-like wurtzite GaN crystal, there are five independent elastic constants, i.e., C11, C12, C13, C33 and C44, which should conform the stability criteria [44] Obviously, V/V0 value decreased substantially with the increasing hydrostatic pressure, and the pressure presented an extremely similar trend effect on V of the two GaN crystals. This is due to the fact that the average bond lengths of the two GaN crystals are also very close to each other under the same pressure, see Figure 2b . 
Elastic constants, Cij, can quantify the response of deformation under a force or stress load. In the stiffness matrix of the hexagonal structure-like wurtzite GaN crystal, there are five independent elastic constants, i.e., C11, C12, C13, C33 and C44, which should conform the stability criteria [44] 
Elastic constants, C ij , can quantify the response of deformation under a force or stress load. In the stiffness matrix of the hexagonal structure-like wurtzite GaN crystal, there are five independent elastic constants, i.e., C 11 , C 12 , C 13 , C 33 and C 44 , which should conform the stability criteria [44] :
(1)
For zinc-blende GaN, which has a cubic crystal structure, the independent elastic constants are C 11 , C 44 and C 12 , and its stability requires [44] :
The elastic constants calculated under pressures of 0 and 40 GPa are given in Table 2 , where results obtained are consistent with previous experimental data and calculation values, demonstrating the effectiveness of the calculations performed in this work. The calculation results show that, under the pressure from 0 to 40 GPa, elastic constants of the two GaN crystals satisfy relevant stability criteria, thereby, indicating that the two GaN crystals were mechanically stable under the various pressures applied.
Bulk modulus is a parameter about how incompressible/resistant to compression that substance is. It can be defined as the ratio of the increase of infinitesimal pressure to the corresponding decrease of volume and can be calculated within the Voigt-Reuss scheme [45] :
where B V and B R denote the upper and lower bounds of the bulk moduli of the polycrystalline aggregate, respectively. The shear modulus of polycrstals can be expressed as Equations (5) and (6):
where G V and G R are the upper and lower bounds of shear moduli, respectively. Then, the effective bulk and shear moduli, B and G, can be predicted according to the Voigt-Reuss-Hill approximation [45] :
Moreover, the elastic modulus (E) of the two GaN polycrystals can be obtained according to Equation (9) , and Poisson's ratio (v) can be gotten by Equation (10):
The calculated mechanical properties for the two GaN polycrystals at pressures of 0 and 40 GPa are listed in Table 3 . Clearly, at zero pressure, the three values of B, G and E of the two GaN are similar. However, the mechanical properties of GaN crystals are markedly different at the two pressures 0 and 40 GPa. To further explore the influence of hydrostatic pressure on the mechanical behaviour of the two GaN crystals, the pressure dependences of B, G, B/G and E of the two GaN crystals were calculated, see Figure 3 . Calculation results display that the bulk modulus B of GaN increased dramatically with the increase in pressure in a linear fashion. The bulk moduli of wurtzite and zinc-blende GaN polycrystals increased from 195.17 and 200.98 GPa to 355.27 and 358.60 GPa, respectively. Meanwhile, the bulk moduli of the two GaN polycrystals at different pressures were quite similar, see Figure 3a . The shear moduli of wurtzite and zinc-blende GaN decreased with the increase in pressure, see Figure 3b . As a result, the ratio B/G of the two crystals increased significantly with the increase in pressure, as presented in Figure 3c . Moreover, the results show that with the increase of pressure, the elastic moduli of the two GaN polycrystals may increase at the beginning, while they may decrease as the pressure rises from 20 to 40 GPa, as illustrated in Figure 3d . increase in pressure, see Figure 3b . As a result, the ratio B/G of the two crystals increased significantly with the increase in pressure, as presented in Figure 3c . Moreover, the results show that with the increase of pressure, the elastic moduli of the two GaN polycrystals may increase at the beginning, while they may decrease as the pressure rises from 20 to 40 GPa, as illustrated in Figure  3d . It was reported that the directionality of covalent bonds can be characterized by Poisson's ratio v, whose value for covalent materials is small (about 0.1); the typical value is 0.25 for ionic materials [59] . In this study, the calculated values of Poisson's ratios were 0.25 and 0.26 for the wurtzite and zinc-blende GaN polycrystals at zero pressure, respectively, see Table 3 , indicating strong ionic bonds in the two GaN crystals. In addition, Poisson's ratio (v) can be used to evaluate material stability during shear deformation and a smaller value implies a larger stiffness. Thus, wurtzite GaN is more stable at zero pressure. Moreover, according to the Pugh criterion, if the ratio of bulk modulus to shear modulus B/G is larger than 1.75, ductile fracture occurs; otherwise, the fracture is in a brittle mode [60] . Clearly, at zero pressure, the ratio B/G is 1.68 for wurtzite GaN, which is less than 1.75, as given in Table 3 . The ratio of zinc-blende GaN is 1.77, which is larger than that of wurtzite GaN and close to 1.75. Furthermore, the nature of the bonding, such as brittleness or ductility, can also be evaluated from the Cauchy pressure [61] . A positive Cauchy pressure indicates damage tolerance and ductility, while a negative value reveals brittleness; it is supposed that the hexagonal structure is intrinsically brittle [61] . For cubic zinc-blende GaN, the Cauchy pressure is defined as C 12 -C 44 . At zero pressure, Cauchy pressure is negative according to the data listed in Table 2 , thus indicating that the zinc-blende GaN would also exhibit brittle behaviour at zero pressure. When the pressure increases to 40 GPa, the calculated Poisson's ratios of wurtzite and zinc-blende GaN polycrystals are 0.36 and 0.37, respectively; meanwhile, values of B/G rise to 3.33 and 3.44, respectively, revealing that the two GaN polycrystals may exhibit ductile behaviours under high stresses.
Elastic Anisotropy
The regular arrangements of atoms in crystals determine the essential elastic anisotropy, which has a significant influence on the mechanical properties of materials, such as crack growth, anisotropic elastic deformation and elastic instability. In this study, the anisotropy factor (A) is employed to evaluate the anisotropic degree of the two GaN single crystal [62] . If A in a crystal plane is close to 1, then the corresponding mechanical property is prone to isotropy. Results in Table 4 show that, at zero pressure, wurtzite GaN displays strong anisotropic characteristics in the planes containing the [001] axis, and zinc-blende GaN shows obvious anisotropy at planes {100} and {110}. In general, the increase in pressure raises the elastic anisotropy of GaN crystals. 
To further explore the anisotropic behaviours of the two GaN single crystals, the three-dimensional (3D) surface, which can reveal the elastic anisotropy, was analysed. The 3D surface reflects the variation in the elastic modulus E of the crystal in different crystal directions, and the direction dependence of the elastic modulus can be expressed as [44] :
where S ij denotes the compliance coefficient, which can be obtained from the inverse matrix of matrix C ij (i.e., S ij = C ij ), and l 1 , l 2 and l 3 are three direction cosines concerning the a, b and c axes, respectively. Considering the crystal symmetries of hexagonal wurtzite and cubic zinc-blende (11) for wurtzite and zinc-blende GaN single crystals can be simplified as Equations (12) and (13), respectively:
Direction dependences of elastic moduli are displayed in Figure 4 . For the wurtzite GaN single crystal, the curve shape at (001) plane is almost circular. However, at planes containing a [001] axis, the shape is far from a circle; therefore, wurtzite GaN exhibits an isotropic character at the (001) plane, while showing obvious anisotropy at planes (100) and (010)
Furthermore, the shear moduli of wurtzite and zinc-blende GaN single crystals can be calculated by Equation (14) [63] and Equations (15)- (17), respectively:
1
where θ and ϕ are the two Euler angles in direction cosines. Figure 5 shows the calculated direction dependences of shear moduli. For wurtzite GaN, the curve shape at the (001) plane is a circle at both 0 and 40 GPa, while it is clearly not at the planes containing c or [001] axis. Accordingly, the shear deformation of wurtzite GaN may be isotropic at the (001) Figure 5d . Additionally, for zinc-blende GaN, obvious anisotropic characteristics were observed. At zero pressure, the maximum and minimum values of shear moduli at planes {100} are 167.22 and 93.16 GPa, respectively, while they are 171.96 and 78.51 GPa, respectively, at apressure of 40GPa, see Figure 5d -f. Compared to the directional dependence of elastic modulus, the shear modulus has an inverse trend. For examples, although the elastic modulus at orientation [100] is maximal, the shear modulus at [100] is minimal. Therefore, both elastic and shear moduli of the two GaN single crystals exhibit obvious anisotropy characteristics. Nevertheless, our results show that the bulk moduli of the 
The maximum bulk modulus of wurtzite GaN is at crystal directions vertical to orientation [001] , and the value is 603.32 GPa at zero pressure. Meanwhile, the minimum value is 576.87 GPa and it is located in the [100] direction, see Figure 6a . In addition, as the applied pressure increased to 40 GPa, the maximum value and minimum value of bulk moduli increased to 1111.98 and 1044.08 GPa, respectively, as exhibited in Figure 6b . Clearly, the anisotropy of bulk modulus is quite slight for wurtzite GaN, and the influence of pressure on its anisotropy is weak. For zinc-blende GaN, the bulk modulus is totally isotropic and its value is 602.92 GPa at zero pressure, see Figure 6c . In spite of this, the value will rise with increasing pressure, e.g., it is 1075.85 GPa at apressure of 40 GPa (Figure 6d) , there is still no anisotropy for bulk modulus.
Furthermore, for wurtzite GaN single crystal, Poisson's ratios at crystallographic planes containing [001] axis, v(θ), can be calculated with Equation (20) [64] , and Poisson's ratios of zinc-blende GaN at the plane (hkl) can be expressed with Equation (21) 40 GPa, the maximum value and minimum value of bulk moduli increased to 1111.98 and 1044.08 GPa, respectively, as exhibited in Figure 6b . Clearly, the anisotropy of bulk modulus is quite slight for wurtzite GaN, and the influence of pressure on its anisotropy is weak. For zinc-blende GaN, the bulk modulus is totally isotropic and its value is 602.92 GPa at zero pressure, see Figure 6c . In spite of this, the value will rise with increasing pressure, e.g., it is 1075.85 GPa at apressure of 40 GPa (Figure 6d) , there is still no anisotropy for bulk modulus. 2  2  2  2   2  2  2   0  11   2   2  2  2   2  2  2   2  2  2  2  2  2  2   2   2   2  2  2  2  2  2  2   2   2  2  2   0  12 ) ( 2 cos sin cos sin cos , 
Electronic Properties
Band gap is a basic and critical physical parameter that determines the electronic properties of semiconductor materials. It has been reported that the band gap of wurtzite GaN is 3.5 eV [58] and 
Band gap is a basic and critical physical parameter that determines the electronic properties of semiconductor materials. It has been reported that the band gap of wurtzite GaN is 3.5 eV [58] and 3.1 eV for zinc-blende GaN [66] . The influence of pressure on the electronic properties of the two GaN crystals was evaluated. In this study, a HSE06 scheme [67] was used for the calculation of the band gap. Results show that, at zero pressure, the calculated band gaps of wurtzite and zinc-blende GaN crystals were 3.62 and 3.01 eV, respectively, which are similar to previous experimental values. Figure 8 displays the calculated band gaps of the two GaN crystals at different hydrostatic pressures. Clearly, both crystal structure and pressure have obvious influence on the band gap, and the band gap of wurtzite GaN is much larger at the same pressure. Generally, the band gaps of the two GaN compounds increased linearly with the increase of hydrostatic pressures; the lines in Figure 8 can be analysed by the following equation [68] :
where E g (P) is the band gap, E g (0) is the band gap at zero pressure, k is the pressure coefficient and k = dE g (P)/dP, and P is the applied hydrostatic pressure.
band gap. Results show that, at zero pressure, the calculated band gaps of wurtzite and zinc-blende GaN crystals were 3.62 and 3.01 eV, respectively, which are similar to previous experimental values. Figure 8 displays the calculated band gaps of the two GaN crystals at different hydrostatic pressures. Clearly, both crystal structure and pressure have obvious influence on the band gap, and the band gap of wurtzite GaN is much larger at the same pressure. Generally, the band gaps of the two GaN compounds increased linearly with the increase of hydrostatic pressures; the lines in Figure 8 can be analysed by the following equation [68] :
where Eg(P) is the band gap, Eg(0) is the band gap at zero pressure, k is the pressure coefficient and k = dEg(P)/dP, and P is the applied hydrostatic pressure.
According to our simulation, the k values for wurtzite and zinc-blende GaN crystals were 20.8 and 22.6, respectively. As the pressure rose from 0 to 40 GPa, the band gaps of wurtzite and zinc-blende GaN crystals increased from 3.62 and 3.01 eV to 4.41 and 3.91 eV, respectively. The band structures at 0 and 40 GPa are exhibited in Figure 9 . It was revealed that the upper limit of valence band and the lower limit of conduction band are located at G point, and they are direct gap semiconductor materials. According to our simulation, the k values for wurtzite and zinc-blende GaN crystals were 20.8 and 22.6, respectively. As the pressure rose from 0 to 40 GPa, the band gaps of wurtzite and zinc-blende GaN crystals increased from 3.62 and 3.01 eV to 4.41 and 3.91 eV, respectively. The band structures at 0 and 40 GPa are exhibited in Figure 9 . It was revealed that the upper limit of valence band and the lower limit of conduction band are located at G point, and they are direct gap semiconductor materials. 3.1 eV for zinc-blende GaN [66] . The influence of pressure on the electronic properties of the two GaN crystals was evaluated. In this study, a HSE06 scheme [67] was used for the calculation of the band gap. Results show that, at zero pressure, the calculated band gaps of wurtzite and zinc-blende GaN crystals were 3.62 and 3.01 eV, respectively, which are similar to previous experimental values. Figure 8 displays the calculated band gaps of the two GaN crystals at different hydrostatic pressures. Clearly, both crystal structure and pressure have obvious influence on the band gap, and the band gap of wurtzite GaN is much larger at the same pressure. Generally, the band gaps of the two GaN compounds increased linearly with the increase of hydrostatic pressures; the lines in Figure 8 can be analysed by the following equation [68] :
According to our simulation, the k values for wurtzite and zinc-blende GaN crystals were 20.8 and 22.6, respectively. As the pressure rose from 0 to 40 GPa, the band gaps of wurtzite and zinc-blende GaN crystals increased from 3.62 and 3.01 eV to 4.41 and 3.91 eV, respectively. The band structures at 0 and 40 GPa are exhibited in Figure 9 . It was revealed that the upper limit of valence band and the lower limit of conduction band are located at G point, and they are direct gap semiconductor materials. To further understand the pressure effect on the band structure, the density of states (DOSs) of GaN crystals were also analysed in this study. Figure 10 reveals DOSs near band gaps. Clearly, the two GaN crystals show similar atomic bonding and hybridization behaviour between Ga and N atoms. In the energy band between −10 and 0 eV, p orbits of N (N-p) contribute greatly to the DOSs. However, for the energy band in the conduction band near the band gap, e.g., the energies between 1.66 to 20 eV in the wurtzite GaN, the hybridization between N-p and Ga-s/Ga-p induced the formation of DOSs. Moreover, as the pressure rose from 0 to 40 GPa, DOSs above 0 eV moved towards the right side, as shown in Figure 10 . For example, under zero pressure, peaks A, B and C of DOSs for wurtzite and zinc-blende GaN were located at 6.65 and 6.25 eV, respectively, while their locations were 7.36 and 7.28 eV, respectively, at 40 GPa. Consequently, band gaps of GaN crystals increased with the increasing pressure. To further understand the pressure effect on the band structure, the density of states (DOSs) of GaN crystals were also analysed in this study. Figure 10 reveals DOSs near band gaps. Clearly, the two GaN crystals show similar atomic bonding and hybridization behaviour between Ga and N atoms. In the energy band between −10 and 0 eV, p orbits of N (N-p) contribute greatly to the DOSs. However, for the energy band in the conduction band near the band gap, e.g., the energies between 1.66 to 20 eV in the wurtzite GaN, the hybridization between N-p and Ga-s/Ga-p induced the formation of DOSs. Moreover, as the pressure rose from 0 to 40 GPa, DOSs above 0 eV moved towards the right side, as shown in Figure 10 . For example, under zero pressure, peaks A, B and C of DOSs for wurtzite and zinc-blende GaN were located at 6.65 and 6.25 eV, respectively, while their locations were 7.36 and 7.28 eV, respectively, at 40 GPa. Consequently, band gaps of GaN crystals increased with the increasing pressure. 
Conclusions
The mechanical and electronic properties of two GaN crystals under different hydrostatic pressures were investigated through first-principles calculation, and the following conclusions were drawn:
(1) The lattice constants and elastic constants of wurtzite and zinc-blende GaN crystals calculated by both GGA and LDA match well with the experimental values. The structures of the two GaN crystals are stable under the pressure up to 40 GPa. (2) Bulk moduli increase while shear moduli decrease with the increase in pressure, resulting in the significant increase of the ratios of bulk moduli to shear moduli for the two GaN crystals. The two GaN crystals are brittle materials at zero pressure, while they exhibit ductile behaviours under high stresses. 
